The genus Burkholderia includes many bacteria that cause serious human infections. As is the case with other Gram-negative bacteria, Burkholderia species produce LPS, which is an abundant component of the bacterial cell surface. Burkholderia cepacia complex (Bcc) bacteria (which include at least 17 separate species) produce LPS structures that are quite different. In an attempt to determine the degree of LPS epitope variation among Bcc species, a mAb was produced, designated 5D8, specific for the LPS of B. cepacia. Western blot analysis determined that mAb 5D8 was able to produce the classic 'ladder pattern' when used to probe B. cepacia and Burkholderia anthina lysates, although 5D8 did not produce this pattern with the other seven Bcc species tested. mAb 5D8 reacted with varying intensity to most but not all of the additional B. cepacia and B. anthina strains tested. Therefore, there seems to be significant epitope variation among Bcc LPS both between and within species. Additionally, mAb 5D8 reacted with a proteinase-K-sensitive 22 kDa antigen in all Bcc strains and also in a strain of Burkholderia pseudomallei.
INTRODUCTION
Bacteria in the genus Burkholderia are Gram-negative bacilli that include species with the potential to cause lifethreatening human infections. People with cystic fibrosis (CF) are susceptible to infection by several Burkholderia species comprising the Burkholderia cepacia complex (Bcc) (LiPuma, 2005) . 'Cepacia syndrome', which is characterized by necrotizing pneumonia and septicaemia resulting in rapid clinical deterioration, can develop in a small percentage of infected CF patients (Mahenthiralingam et al., 2005) .
Although much remains unknown about the pathogenic mechanisms of Burkholderia, these species produce a number of putative virulence determinants. One such determinant is LPS, which is present in abundance on the outer membrane of Gram-negative bacteria. Bcc LPS has potent endotoxic activity and elicits significantly higher levels of pro-inflammatory cytokines such as tumour necrosis factor, interleukin-6 and interleukin-8 than LPS from Pseudomonas aeruginosa, another common CF pathogen (Shaw et al., 1995; Vinion-Dubiel & Goldberg, 2003) .
The O antigen or O-specific polysaccharide, along with an oligosaccharide core and a lipid A molecule, are components of LPS (De Soyza et al., 2008) . Bcc species produce many structurally distinct LPS O antigens (Burtnick et al., 2002; Vinion-Dubiel & Goldberg, 2003) . In fact, 16 Oantigen serotypes have been identified among Bcc isolates recovered from CF patients (Nakamura et al., 1986; Soldatkina et al., 1989; Vinion-Dubiel & Goldberg, 2003) . These serotypes do not correlate with Bcc species (Kenna et al., 2003; Rabkin et al., 1989) . As a consequence, Oantigen serotype cannot be used to determine the specific Bcc species causing an infection. The O-antigen biosynthetic genes of Burkholderia stabilis (a member of the Bcc) have been mapped based on homology to other polysaccharide biosynthetic genes (Vinion-Dubiel & Goldberg, 2003) . One gene, wbiI, was sequenced in a number of Bcc isolates and it was shown that the wbiI genotype did not correlate with Bcc species identity (Vinion-Dubiel et al., 2004) .
In this study, we produced a mAb specific for B. cepacia LPS, designated 5D8. This mAb was used to analyse LPS epitope variability between and within different Bcc species. We determined that mAb 5D8 bound well to both B. cepacia and Burkholderia anthina but did not bind to the 
METHODS
Bacterial strains. The bacterial strains used in this study are listed in Table 1 . Heat-inactivated B. pseudomallei (strain 1026b) was acquired from Dr Richard Bowen (Colorado State University). Burkholderia thailandensis and non-Burkholderia bacteria were purchased from the ATCC. Burkholderia mallei (inactivated by irradiation) was acquired from the Critical Reagents Program Antigen Repository (BEI Resources, VA, USA). All other Burkholderia species were selected from the Burkholderia cepacia Research Laboratory and Repository at the University of Michigan (MI, USA).
Burkholderia species (excluding B. pseudomallei and B. mallei) were grown on Luria-Bertani (LB) agar or Burkholderia cepacia selective agar plates (Hardy Diagnostics). LB broth was then inoculated with a single colony, followed by incubation at 32 uC for 24-48 h. B. pseudomallei strain 1026b was grown overnight at 37 uC in trypticase soy broth. The culture was pelleted by centrifugation and resuspended in sterile PBS. The procedure for heat-inactivation of B. pseudomallei (80 uC for 2 h) was adapted from a previous study (Steinmetz et al., 1995) . Inactivated B. pseudomallei was plated on trypticase soy agar and no growth was observed after 48 h incubation at 37 uC. All non- Table 1 . Bacteria used in this study 
D. P. AuCoin and others
Burkholderia bacteria were grown from lyophilized stocks in LB broth at 37 uC overnight.
Immunization of mice and production of LPS mAb. Production of mAb 5D8 began with immunization of BALB/c mice with heatinactivated B. cepacia (strain BTS13). An intraperitoneal injection of 2610 8 bacteria was administered every 2 weeks for an 8-week period (Jones et al., 2002 ). An ELISA using heat-inactivated BTS13 in the solid phase was used to assess antibody levels to B. cepacia (Jones et al., 2002) . Three days prior to the harvest of spleens, one final intraperitoneal immunization of 2610 8 bacteria was administered. Hybridoma cells were produced as described previously (Kozel et al., 2004) . Western blot analysis was carried out to identify hybridoma cell lines that were producing anti-LPS mAbs specific for B. cepacia. Hybridoma cell line 5D8 was grown in a CL 1000 culture flask (Integra Biosciences) and the mAb was purified by affinity chromatography over a protein A column.
Western blot analysis. A standard Western blot procedure with semi-dry blotting was used in this study. Briefly, 8610 6 bacterial cells were suspended in Laemmli sample buffer (Sigma) and incubated at 100 uC for 10 min. If required, 1 vol. proteinase K solution (3.3 mg in 1 ml Laemmli sample buffer) was added and the sample was incubated at 60 uC for 1 h. The samples were run on either a 10-20 % SDS gradient gel or a 10 % SDS gel followed by semi-dry transfer onto PVDF membrane. mAb 5D8 was used at a final concentration of 1 : 5000 (1 mg ml 21 stock). Horseradish-peroxidase-conjugated goat anti-mouse IgG (Southern Biotech) was used at a 1 : 10 000 dilution and the signal was detected with a chemiluminescent substrate (Pierce). Two silver staining procedures were performed to confirm LPS production in selected bacteria (Fomsgaard et al., 1990; Tsai & Frasch, 1982) . Both of these procedures were used to treat the SDS gels prior to staining with a Pierce silver staining kit.
Production of B. cepacia polysaccharide extract. The procedure for production of B. cepacia polysaccharide extract was adapted from Steinmetz et al. (1995) . B. cepacia strain BTS13 was grown on mannitol-rich medium agar plates at 35 uC for 72 h. Bacteria were scraped from the plates and resuspended in 0.01 M PBS containing 1 % formaldehyde (37 %, w/w, stock). Cells were suspended in the PBS/formaldehyde solution for 48 h, followed by centrifugation of the cells at 2000 g for 30 min. The bacterial pellet was resuspended in PBS followed by the addition of 10 % (w/v) sodium acetate and 1 % (v/v) glacial acetic acid. The sample was stirred for 5 h followed by centrifugation at 15 000 g for 1 h to remove the cells. Next, 4 vols 95 % ethanol was added to the supernatant and the sample was placed at 220 uC for 3 h. The precipitate was centrifuged at 4 uC for 30 min at 3000 g followed by resuspension in 80 % ethanol. The precipitate was collected by centrifugation and washed in 95 % ethanol. The precipitate was then dissolved in PBS containing 0.01 M MgCl 2 . Undissolved particles were removed by centrifugation at 10 000 g for 30 min. RNase A (100 mg ml 21 ) and DNase I (100 mg ml 21 ) were added to the solution for 2.5 h at 60 uC, followed by the addition of proteinase K (100 mg ml 21 ) for 30 min at 60 uC. Enzymes were inactivated at 80 uC for 30 min. The solution was centrifuged at 20 000 g for 30 min at 4 uC. A 10 % (w/v) solution of sodium acetate containing 1 % acetic acid (v/v) was added to the supernatant. The sample was then stirred for 1 h followed by a 30 min centrifugation at 10 000 g. Polysaccharides were precipitated from the solution by the addition of 4 vols 95 % ethanol and the sample was then placed at 220 uC for 3 h. The precipitate was dissolved in water. A phenol/ sulfuric acid test (DuBois et al., 1956) for carbohydrate was used to determine the final concentration, which was 1.2 mg ml
21
.
Analysis of mAb binding. An ELISA was performed to evaluate the binding of mAb 5D8 to B. cepacia polysaccharide extract. The procedure was exactly the same as an ELISA used to detect IgG antibodies specific to cryptococcal glucuronoxylomannan (Brandt et al., 2003) . In place of glucuronoxylomannan, purified B. cepacia polysaccharide extract (4 mg ml 21 ) was used in the solid phase of the ELISA and mAb 5D8 was serially diluted across the 96-well plate at a starting concentration of 125 mg ml 21 (fluid phase).
Immunofluorescence analysis. A suspension of bacteria was smeared onto a microscope slide and allowed to dry. Cells were fixed with methanol and the slide was washed by dipping repeatedly in water. mAb was applied directly to the slide and incubated for 90 min at room temperature. After rinsing by dipping in fresh water, mAb binding was detected using an Alexa Fluor 555-labelled goat anti-mouse IgG (Invitrogen) diluted 1 : 1000 in PBS and incubated for 1 h at room temperature. The slide was then rinsed in fresh water, allowed to dry and mounted under a coverslip with Vectashield (Vector Laboratories). Fluorescence was evaluated using a Nikon Eclipse E800 epifluorescence microscope fitted with a Nikon C1 confocal microscopy attachment (Nikon Instruments).
RESULTS
In order to generate mAbs specific to Bcc bacteria, heatkilled B. cepacia strain BTS13 was used to immunize BALB/c mice. mAb 5D8 was generated and used to probe a whole-cell lysate of BTS13 by Western blotting (Fig. 1a) . The mAb reacted with multiple bands forming a ladder pattern; similar ladder patterns are seen when purified B. cepacia LPS is separated on polyacrylamide gels (Evans et al., 1999; Leone et al., 2006; Shaw et al., 1995) . Next, BTS13 lysates were treated with proteinase K, which did not disrupt the ladder reaction, indicating that mAb 5D8 binds to a polysaccharide. mAb 5D8 was determined to be of the IgG2b subclass, as only anti-IgG2b subclassspecific horseradish-peroxidase-conjugated antibodies bound to the mAb by ELISA (data not shown). Analysis of mAb binding was performed by ELISA (Fig. 1b) . Purified BTS13 polysaccharide extract (4 mg ml
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) was used in the solid phase and serially diluted mAb 5D8 was used in the fluid phase. A concentration of 2 ng 5D8 ml 21 was the minimum that could be used to detect BTS13 LPS in the polysaccharide extract. In addition, mAb 5D8 bound to purified antigen in a dose-dependent fashion. A mouse IgG2b mAb specific for the capsular polypeptide of Bacillus anthracis was substituted for mAb 5D8; binding above background levels was not detected (data not shown).
To determine variation in expression of the LPS epitope, we probed bacterial lysates from a panel of Bcc species with mAb 5D8. One representative strain of each of the nine Bcc species was selected from the Bcc experimental strain panel (Coenye et al., 2003; Mahenthiralingam et al., 2000) . As shown by Western blotting, B. cepacia strain PC783 and B. anthina strain AU1293 were reactive with mAb 5D8 (Fig. 2) . mAb 5D8 reacted with a 22 kDa antigen from the other seven Bcc species. The two B. cepacia strains and the B. anthina strain (Fig. 2, top panel) also expressed a similar 22 kDa antigen that reacted with mAb 5D8. Upon proteinase K treatment of the bacterial lysates, the 22 kDa antigen was no longer reactive by Western blotting (Fig. 2, lower panel) .
We next wanted to determine whether lysates of B. pseudomallei or B. thailandensis were reactive with mAb 5D8. Western blot analysis determined that a ladder pattern was not produced, but B. pseudomallei did express a 22 kDa antigen that was reactive with mAb 5D8 (Fig. 3) . However, B. thailandensis, which is genetically similar to B. pseudomallei (Brett et al., 1998) , did not react with mAb 5D8. We also tested a variety of other bacteria outside the genus Burkholderia by Western blotting (Table 1) ; all were unreactive (data not shown).
Twelve additional strains of B. cepacia and six additional strains of B. anthina were tested by Western blotting to determine whether there was strain-to-strain variation in the epitope recognized by mAb 5D8. These data are summarized in Table 1 . Six of the B. cepacia strains produced an obvious ladder pattern, four strains produced a faint ladder pattern and two strains produced no ladder pattern. The same 22 kDa band was present in all 12 of the strains (data not shown). Five of the six additional B. anthina strains also produced a ladder pattern when probed with mAb 5D8. Although difficult to observe when a strong ladder pattern was present, mAb 5D8 was reactive with the 22 kDa antigen of all B. anthina strains tested ) and serially diluted mAb 5D8 in the fluid phase. Data are shown as means±SD for three replicates. Fig. 2 . Western blot analysis of Bcc bacterial lysates with mAb 5D8. B. cepacia strain PC783 and B. anthina strain AU1293 are shown; other specific strain designations are listed in Table 1 . The lysates shown in the bottom panel were treated with proteinase K. The lanes contain the same bacteria in both immunoblots. B. cepacia strain BTS13 was used as a positive control. (data not shown). Two silver staining procedures (Fomsgaard et al., 1990; Tsai & Frasch, 1982) confirmed that LPS was actually produced by the strains that were unreactive with mAb 5D8 (data not shown).
An immunofluorescence assay (IFA) was then performed on the nine representative Bcc strains. As expected, mAb 5D8 bound to the exterior of heat-killed B. cepacia BTS13 (Fig. 4) . Interestingly, although B. cepacia strain PC783 produced a ladder reaction by Western blotting (Fig. 2) , it did not react with mAb 5D8 by IFA. This was repeated multiple times with varying concentrations of mAb 5D8. Burkholderia dolosa, Burkholderia cenocepacia and B. anthina strain AU1293 (the only B. anthina strain tested) were also reactive by IFA. Notably, mAb 5D8 was reactive with the 22 kDa antigen (but not LPS) of B. cenocepacia and B. dolosa by Western blotting (Fig. 2) . The other Bcc species (Burkholderia ambifaria, B. stabilis, Burkholderia pyrrocinia, Burkholderia multivorans and Burkholderia vietnamiensis) that expressed a reactive 22 kDa antigen by Western blotting were not positive by IFA (data not shown). The production of a ladder-type reaction or reactivity of the 22 kDa antigen by Western blotting did not correlate with a positive IFA in some Burkholderia strains. IgG2b Bacillus anthracis mAb F26G3 was substituted for mAb 5D8 as a negative control and no reactivity was evident (data not shown).
DISCUSSION
B. cepacia strain BTS13, previously isolated from a CF patient (Lagatolla et al., 2002) , was used to immunize BALB/c mice to produce mAbs specific for polysaccharide antigens on the surface of the bacterium. Originally, this strain was chosen because it produces an exopolysaccharide identical to one produced by B. pseudomallei (Cescutti et al., 2003) . The goal was to develop a mAb using BTS13 that would bind to the exopolysaccharide produced by B. pseudomallei. However, the first mAb that was isolated (5D8) was specific for the LPS of BTS13 (Fig. 1) and we have shown that 5D8 does not bind to the LPS of B. pseudomallei (Fig. 3) .
Bcc bacteria are phenotypically similar but genetically distinct, and it is clear that the LPS structures that are produced by each species (and within a species) may be variable. mAb 5D8 was only able to bind to the B. cepacia and B. anthina strains in our study. We also noted significant strain-to-strain variation in binding reactivity. The epitope recognized by mAb 5D8 seemed to be more conserved or more readily available in B. anthina strains than in B. cepacia strains, even though the mAb was produced by immunization with a B. cepacia strain. Seven Bcc species did not bind to mAb 5D8; however, it is quite possible that if more strains were tested from this negative group, reactive strains would be identified. Importantly, P. aeruginosa, a common lung pathogen in CF patients that can form mixed biofilms with Bcc species (Tomlin et al., 2001) , was negative.
Silver staining was carried out on the B. cepacia and B. anthina strains that did not produce a ladder pattern by Western blotting when probed with mAb 5D8. This was done to determine whether the unreactive strains were actually producing polysaccharides consistent with LPS. Two silver staining procedures were needed (Fomsgaard et al., 1990; Tsai & Frasch, 1982) to visualize an LPS ladder from the unreactive strains (data not shown). The fact that different strains required separate protocols for silver staining is additional evidence for the variability of LPS in Bcc. mAb 5D8 was reactive with a 22 kDa antigen in all Bcc species tested by Western blotting. However, this did not The 22 kDa antigen may be masked on the exterior of some Bcc bacteria yielding a negative IFA result, whereas on B. cenocepacia and B. dolosa the epitope is accessible to 5D8. This may be the case for B. pseudomallei: a negative signal by IFA (data not shown), yet a positive 22 kDa band by Western blotting (Fig. 3) .
Bcc species produce a variety of LPS molecules, which has resulted in the identification of at least 16 different LPS serotypes in strains recovered from CF patients (Knirel' Iu et al., 1988a; Nakamura et al., 1986; Vinion-Dubiel & Goldberg, 2003) . Binding of LPS-specific bacteriophages (that can use some Bcc bacteria as a host) and O-antigen serotype do not correlate with Bcc species identity (Kenna et al., 2003) . Also, no correlation exists between the RFLP pattern of the wbiI gene (which is part of the O-antigen biosynthetic locus) and Bcc species identity (Vinion-Dubiel et al., 2004) . Many O-antigen structures from Bcc have been determined and one can speculate about which structure mAb 5D8 may bind to. A recent study has determined the structure of the O-antigen from a strain of (Cerantola et al., 1999; Faure et al., 2007) . However, it is not clear in the literature whether the aforementioned B. cepacia clinical isolate is actually a B. cepacia strain. Also, an additional O-antigen from a B. cepacia strain varies greatly; the structure was determined to be a disaccharide repeat of a glucopyranose followed by a mannopyranose (Cox & Wilkinson, 1990; Knirel' Iu et al., 1988b) . Additional studies will need to be completed utilizing strains that produce known O-antigen structures to determine which O antigen(s) react with mAb 5D8.
To our knowledge, this is the first description of a Bccspecific mAb. There are some potential uses for mAb 5D8. As the mAb binds to a 22 kDa antigen in all Bcc species tested, it may be helpful in diagnosing Bcc infections in CF patients. Also, a Bcc murine model of pulmonary infection has been developed in which certain Bcc species persist in the lungs of infected mice (Chu et al., 2002; Conway et al., 2004) . Targeting the 5D8 epitope by active or passive immunization might facilitate clearance of a normally persistent infection. 
